Pulse wave velocity (PWV), the carotid augmentation index (AIx), and pulse pressure (PP) may be prognostic factors in heart failure, but the possible influence of the ejection fraction (EF) and other simple haemodynamic variables on them has not been investigated in this setting. Noninvasive methods were used to measure carotid-radial (CR), carotid-femoral (CF) PWV and AIx, and brachial PP, in 135 consecutive patients with stable symptomatic chronic heart failure. The patients were divided into two groups, with preserved (X40%) or reduced (o40%) EF. CF-PWV, AIx and PP were lower in the decreased EF group (8.8572.77 versus 10.6072.75 m/s, Po0.001; 121721 versus 132724, P ¼ 0.009 and 41719 versus 67717 mmHg, Po0.001), but CR-PWV values were similar regardless of the EF status. These results were not modified after adjustment for age and sex. Multiple regression analysis showed that AIx and PP were systematically related to time domain parameters (heart rate or ejection duration) and EF, whatever the group. CF-PWV was weakly related to time domain values and unrelated to mean blood pressure (BP) or EF in the preserved EF group, whereas it was related to both mean BP and EF in the low EF group. In conclusion, whatever the EF level, PP and AIx were strongly modulated in the time domain, by pressure and by the EF level. The same relationships were found with CF-PWV, but only in the reduced EF group. Whether CF-PWV is the best prognostic factor in patients with 'diastolic' heart failure must be confirmed in a prospective study.
Introduction
Increased pulse pressure (PP) is associated with risk of myocardial infarction 1, 2 and stroke 3 in both normotensive and hypertensive subjects. Increased PP is also associated with new onset congestive heart failure in middle-aged 4 and elderly subjects. 5 Finally, increased PP is related to cardiovascular mortality in patients with symptomatic or asymptomatic systolic heart failure. 6, 7 In all these populations, PP is considered as a surrogate marker of arterial stiffness. Recently however, in two large studies of relatively unselected subjects, including a large proportion of patients with decompensated heart failure (irrespective of the ejection fraction (EF)), an inverse relationship was found between PP and all-cause mortality. 8, 9 As PP is influenced not only by arterial stiffness but also by cardiac factors such as heart rate (HR) and stroke volume, pulse wave velocity (PWV), a direct marker of aortic stiffness, or the carotid augmentation index (AIx), a marker of aortic stiffness and wave reflection, might have better prognostic value than PP. PWV is independently associated with cardiovascular morbidity and mortality in patients with hypertension or diabetes, and in the elderly, [10] [11] [12] whereas AIx is associated with cardiovascular risk factors (CVR) in the general population 13 and with mortality in patients with end-stage renal failure.
14 All these markers are dependent on time domain parameters and on pressure, [15] [16] [17] [18] [19] [20] [21] which may alter their prognostic value in heart failure.
The aim of this study was to identify factors influencing brachial PP, carotid AIx and carotidfemoral (CF) or carotid-radial (CR) PWV in patients with chronic heart failure, and to determine whether these parameters are dependent on left ventricular systolic function, as reflected by left ventricular EF.
Methodology

Study population
To be eligible for the study, patients had to (1) have a past history of acute decompensated congestive heart failure, (2) be receiving treatment for chronic heart failure, and (3) be in stable condition at the time of the examination, irrespective of their EF. The diagnosis of heart failure was based on usual clinical criteria, Doppler echocardiographic parameters and serial BNP values as previously described. 22, 23 All patients were followed in the Cardiology Department of Beaujon Hospital (Clichy, France), and gave their informed consent to the study. The study was approved by our institutional review board.
A questionnaire was administered at enrollment, to record gender, age, height, presence of diabetes mellitus, hypertension or dyslipidaemia, smoking habits, New York Heart Association (NYHA) functional class, and ongoing medications. Dyslipidaemia and diabetes mellitus were considered to be present when the patient was receiving cholesterolor glucose-lowering agents, respectively, or on the basis of a clinical questionnaire. Hypertension was defined as systolic blood pressure (SBP) X140 mmHg and/or diastolic blood pressure (DBP) X90 mmHg, or determined from the clinical questionnaire.
Clinical measurements
Brachial BP was measured with a mercury sphygmomanometer after 10 min of rest, in the supine position. Three measurements 2 min apart were averaged. Phases I and V of the Korotkoff sounds were considered to represent SBP and DBP, respectively. Mean BP (MBP) was calculated as (SBP þ 2 Â DBP)/3, and PP as SBPÀDBP. Waist circumference was measured with a flexible tape, midway between the lowest rib and the iliac crest.
PWV and AIx measurements CR-PWV and CF-PWV were measured with a SphygmoCor s device (AtCor Medical, Pty. Ltd.) following the manufacturer's recommendations. This device has been validated and provides accurate automatic measurement of PWV. 24 The pulse wave was recorded successively at the base of the neck for the right common carotid artery and at the right femoral or right radial arteries levels. Heart rate and ejection duration (ED) were automatically calculated from the electrocardiogram and the radial pulse wave, respectively. CF-PWV was calculated as the manubrium sternum to femoral artery distance minus the carotid artery to manubrium sternum distance divided by the CF time interval, and CR-PWV as the carotid to radial artery distance minus the carotid artery to manubrium sternum distance divided by the CR time interval. Two measurements made 10 s apart were averaged. Carotid AIx was defined as the ratio between the local carotid PP and the augmentation pressure of the reflected wave, and was expressed as a percentage (calculated directly by Pulse Wave Analysis software). Two measurements 10 s apart were averaged. All measurements were made by the same observer. AIx intraobserver variability was assessed in 30 randomly chosen subjects, between the first and the second measurement. Variability was as follows: AIx: r ¼ 0.98, Po0.001, mean difference 7s.d. À0.574.6 ms. AIx assessment was not possible in 10 patient with very low EF (16.7%), because of a typical dicrotic pulse.
Left ventricular EF measurement
The left ventricular EF (LVEF) was measured either by echocardiography (n ¼ 64) or by radionuclide ventriculography (n ¼ 71). LVEF was calculated from echocardiographic findings by using the Simpson (n ¼ 23), 25 or the Teichholz method (n ¼ 41), 26 depending on the presence or absence of segmental wall motion abnormalities. The reproducibility of the echocardiographic method was assessed relative to radionuclide ventriculography, with the following results: Simpson method (n ¼ 13), r ¼ 0.89, Po0.001, mean difference7s.d. À2.077.0%,
Statistical analysis
Statistical analysis was performed with NCSS 6.0. 21 software. 27 P-values of o0.05 were considered significant for two-tailed comparisons. Unadjusted continuous data were expressed as mean7s.d., and adjusted variables were expressed as mean7stan-dard error of the mean (s.e.m.). Student's t-test and the w 2 test were used to compare the low-EF group (o40%) and the group with preserved EF (X40%). GLM ANOVA was used for adjustment. A robust regression method was used to study the relation between CF-PWV, CR-PWV, AIx, PP and other clinical and haemodynamic parameters. This procedure has been shown to be more robust than classic parametric regression to the marginal violation of normality assumption and the presence of outliers. Covariates were selected by using an automatic forward stepwise regression approach. Regression coefficients7s.d. were expressed for an increment of one s.d. in quantitative variables such as age, MBP, log-transformed creatinine, LVEF, CF-PWV, CR-PWV, ED and HR, or as a qualitative variable for gender (female ¼ 1, male ¼ 0). HR and ED were used in separate statistical models because of strong colinearity, and the best r 2 designated the best statistical model. CVR were expressed on a scale of 0-5, and included hypertension, dyslipidaemia, diabetes mellitus, smoking and waist circumference (men and women, respectively X102 and X88 cm). Tables 1 and 2 show the characteristics of the patients and treatments according to the LVEF group. Patients with reduced EF were younger and more frequently male; they had greater stature, a smaller waist circumference, and greater functional impairment (NYHA class). The prevalence of past coronary events, diabetes mellitus and dyslipidaemia were not different between the two EF groups, but smoking (70 versus 41%) was more frequent and hypertension less frequent (59 versus 94%) in the reduced-EF group. Natraemia was lower in the reduced-EF group, while the potassium, creatinine and hemoglobin levels were not different between the two EF groups. Low EF was associated with more frequent use of angiotensin-converting enzyme inhibitors/angiotensin II receptor blockers (ACE/ ARB) and diuretics, and with less frequent use of calcium antagonists. Table 3 shows the haemodynamic characteristics and left ventricular parameters according to the EF group. Decreased EF was associated with lower SBP, MBP and PP values, while DBP values were similar in the two EF groups. HR was higher in the low-EF group, corresponding to a lower ED. CF-PWV and AIx were lower in the low-EF group (respectively, Tables 4 and 5 list clinical and haemodynamic parameters associated with CF-PWV, CR-PWV, AIx and PP, according to the EF group. In the group with reduced EF, increased CF-PWV was significantly associated with age, female gender, MBP, HR and LVEF, whereas in the group with preserved EF, ED was the only haemodynamic parameter related to CF-PWV. The creatinine level correlated strongly with CF-PWV in both groups. In the low-EF group, high CR-PWV was associated with CRV and with low ED, but EF variability was poorly explained by these factors (r 2 ¼ 0.22). In the preserved-EF group, high CR-PWV values were associated with age, MBP, and low EF and ED values. In the low-EF group, high AIx values were associated with female gender, 
Results
8.8572.77 versus 10.6072.75 m/s, Po0.001 and 121721 versus 132724, P ¼ 0.009), but CR-PWV values were similar. Adjustment for age and gender reduced the statistical significance of the difference in CF-PWV and AIx, whereas a statistical difference in DBP values emerged (7371 versus 8072 mmHg in the low-EF and preserved-EF groups, respectively, P ¼ 0.004).
Discussion
This cross sectional study examined the influence of simple haemodynamic parameters such as EF, ED, HR, and MBP on CF-PWV, CR-PWV, carotid AIx, and brachial PP in a large population of stable, treated patients with chronic heart failure. As expected, PP and AIx were strongly influenced by haemodynamic factors regardless of EF, especially in the time domain. CF-PWV was weakly influenced by haemodynamic factors in patients with preserved EF (except in the time domain), but strongly influenced by EF, HR, MBP and CF-PWV in patients with reduced EF. CR-PWV variability was poorly explained by clinical or haemodynamic parameters, but was moderately HR-dependent in both EF groups. Taken together, these results suggest that the prognostic value of CF-PWV, AIx and PP may be altered in case of heart failure with systolic dysfunction, because of strong interactions with haemodynamic parameters. In contrast, these parameters of stiffness and wave reflection could be useful in heart failure with preserved EF. CF-PWV seems to be the best independent prognostic parameter in this latter situation. CF-PWV, a direct marker of arterial stiffness, is a prognostic factor of cardiovascular disease, [10] [11] [12] and could be of value in the assessment of heart failure. However, some studies have shown significant interactions between arterial stiffness and small, physiological haemodynamic changes. [16] [17] [18] Two recent studies of chronically paced subjects yielded evidence that acute increases in the HR markedly increase CF-PWV 16 and carotid artery distensibility 18 although the existence of this relationship, and its mechanism, remain controversial. 19, 20 We also found this independent relationship in the patients with low EF values (Table 4 ). In healthy young men, a short left ventricular ejection time seems to be a determinant of increased PWV at rest and in conditions of increased sympathetic tone. 17 In our study, preserved EF was associated with increased CF-PWV, a longer ejection time, and a low HR. Kawaguchi et al. 28 reported that patients with heart failure and a normal EF had increased ventricular and arterial stiffness, associated with ageing and hypertension, compared to matched controls. Therefore, such patients have greater arterial stiffness than patients with low EF, and adjustment for parameters usually associated with stiffening did not modify the relationship. Regarding proximal arterial stiffness, conflicting results have been published. Using characteristic impedance as a direct marker of arterial stiffness, Mitchell et al. 29 and Pepine et al. 30 found an increase in proximal arterial stiffness, whereas Merillon et al. 31 and Kromer et al. 32 did not. These conflicting results are probably partly due to methodological differences, but no data are available for patients with very low EF.
Recently, Mitchell et al. 29 observed an increase in CR-PWV, but not in CF-PWV, in treated patients with mild systolic or diastolic dysfunction. After prolonged interruption of vasodilator therapy, stiffness of muscular arteries such as the radial artery seems to increase relative to controls patients, and proportionally to the severity of systolic dysfunction; 33, 34 no such difference was found without prolonged withdrawal of vasodilator treatment. 35 Therefore, the poor reproducibility of CR-PWV measurement, together with ongoing vasodilator therapy, probably 21 CF-PWV is considered to correlate positively with AIx, as the faster the wave is transmitted through the arterial tree, the greater the amplitude of the reflected wave during the systolic time. However, this positive correlation was not found after adjustment for age in a previous study. 36 Moreover, this relation implies that the coefficient and the sites of reflection are stable, which was probably not the case in our study because of the extensive arthrosclerosis and regional modifications of vascular resistance inherent in heart failure. 37 As previously reported, 21 we found regional heterogeneity of arterial stiffening according to EF status, probably partly because of the marked increase in proximal arterial stiffness associated with age. However, this drastic modification of viscoelastic properties could offer a good site for wave reflection. This is particularly important because, in case of depressed contractility, the backward wave is subtracted from the forward flow 15, 28 and AIx is therefore probably not a good marker of wave reflection in the absence of flow analysis.
In this study, PP was associated with high EF, CF-PWV and ED, regardless of EF status, in keeping with a previous study. 15 Moreover, increased EF and CF-PWV influenced the prognosis of cardiovascular disease in opposite directions, which could partly explain some apparent contradictions in the literature [6] [7] [8] [9] in the use of PP as a prognostic factor. Moreover, while relationships between PP and EF or ED were constant whatever the EF level, CF-PWV seemed to have more influence on PP in patients with preserved systolic function than in patients with systolic dysfunction, on the basis of the Wald coefficients (2.871.0 versus 6.571.1).
In both patients with reduced EF and preserved EF, we found that CF-PWV was independently associated with plasma creatinine: the more rigid the arterial wall, the more severe the renal impairment. Traditionally, in patients with heart failure, renal failure is considered to be a surrogate marker of low cardiac output, or a consequence of drug therapy. More recently, elevated plasma creatinine has been linked to poor outcome in heart failure. 38 In subjects with heart failure, increased plasma creatinine may be due to renal fibrosis, through same mechanisms as for cardiac or aortic fibrosis. Interestingly, in elderly subjects and in animal models of ageing and diabetes, collagen cross-linking breakers have been shown to reduce stiffness of the heart, the large arteries and the kidneys. [39] [40] [41] This study has certain limitations. In particular, treatments were not standardized, and the differences and relationships found here may be due either to the effect of treatment or to its underlying indications. Moreover, medication was not included as an independent predictor in regression models which could introduce a bias in the relationship.
However, this analysis in a well-treated population remain pertinent, as the follow-up in a similar population reveals a huge proportion of cardiovascular events under this medication. 22, 23 In addition, the left ventricular EF was measured pragmatically, with two different methods, in this large population of patients with a wide range of EF values (8-82%) and ages (22- 92 years) . However, echocardiographic methods do not seem to systematically under-or overestimate LVEF to a major extent relative to the radionuclide one, as confirmed here. 25, 26 Thus, the use of different LVEF measurement methods would only bias the statistical analysis towards the null hypothesis. In this study, PWV assessment was double blinded to the EF, but not time transit. As the person undertaking time transit measurements was implicated in the clinical practice of the department, he could be aware of the diagnosis of heart failure and sometimes of the EF level. This is a potential source of bias, even if his hypothetical influence on multivariate analysis is unpredictable.
In conclusion, this study shows that, in subjects with heart failure and low EF, CF-PWV, AIx and PP are strongly influenced by simple haemodynamic parameters. The same was true for AIx and PP in patients with preserved EF, while CF-PWV was less strongly affected by these parameters, apart from time domain parameters. These parameters of stiffness and wave reflection could nonetheless be useful in heart failure, but these confounding factors should be taken into account. CF-PWV seems to be the best independent prognostic factor for patients with preserved EF, but this must be confirmed in long-term follow-up studies.
